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Abstract

The g-ratio, defined as the inner-to-outer diameter of a myelinated axon, is associated
with the speed of nerve impulse conduction, and represents an index of axonal mye-
lination and integrity. It has been shown to be a sensitive and specific biomarker of neu-
rodevelopment and neurodegeneration. However, there have been very few magnetic
resonance imaging studies of the g-ratio in the context of normative aging; characterizing
regional and time-dependent cerebral changes in g-ratio in cognitively normal subjects
will be a crucial step in differentiating normal from abnormal microstructural alterations.
In the current study, we investigated age-related differences in aggregate g-ratio, that is,
g-ratio averaged over all fibers within regions of interest, in several white matter regions
in a cohort of 52 cognitively unimpaired participants ranging in age from 21 to 84 years.
We found a quadratic, U-shaped, relationship between aggregate g-ratio and age in most
cerebral regions investigated, suggesting myelin maturation until middle age followed by
a decrease at older ages. As expected, we observed that these age-related differences
vary across different brain regions, with the frontal lobes and parietal lobes exhibiting
slightly earlier ages of minimum aggregate g-ratio as compared to more posterior struc-
tures such as the occipital lobes and temporal lobes; this agrees with the retrogenesis
paradigm. Our results provide evidence for a nonlinear association between age and
aggregate g-ratio in a sample of adults from a highly controlled population. Finally, sex
differences in aggregate g-ratio were observed in several cerebral regions, with women
exhibiting overall lower values as compared to men; this likely reflects the greater myelin

content in women's brain, in agreement with recent investigations.
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1 | INTRODUCTION

Emerging evidence indicates that myelination and axonal abnormalities
could lead to alterations in brain connectivity, contributing to a myriad of
neurological disorders such as multiple sclerosis and Alzheimer's disease
(Arfanakis, Gui, Tamhane, & Carew, 2007; Borich, MacKay, Vavasour,
Rauscher, & Boyd, 2013; Bouhrara et al., 2018; Fjell et al., 2009; Flynn
et al, 2003; Laule et al., 2008; MacKay & Laule, 2016). Studies have
demonstrated that the g-ratio is highly correlated with the speed of neu-
ronal signal conduction with conduction velocity increasing with myelin
thickness (Chomiak & Hu, 2009; Rushton, 1951; Waxman, 1980). Thus,
subtle changes in the g-ratio could modulate cognitive function and
behavior. Furthermore, ex-vivo animal studies have indicated sex differ-
ences in the g-ratio secondary to hormonal differences, especially testos-
terone (Pesaresi et al., 2015). However, sex differences in g-ratio remain
to be established in humans.

Electron microscopy is the gold standard technique to measure the
g-ratio; this limits investigations to ex vivo measures. To address this,
new clinical magnetic resonance imaging (MRI)-based methods have
been introduced for whole-brain in vivo mapping of the g-ratio and
have shown that the g-ratio could represent a sensitive and specific
biomarker of neurodevelopment and neurodegeneration (Berman,
West, Does, Yeatman, & Mezer, 2018; Campbell et al., 2017; Cer-
cignani et al., 2017; Colgan et al., 2016; Dean et al., 2016; Mustafi
et al.,, 2019; Parker et al., 2018; Yu et al., 2019). The original approach
was introduced by Stikov and colleagues and is based on measuring the
axonal and myelin volume fractions in a voxel, instead of for individual
fibers, and assuming a uniform g-ratio for all fibers (Stikov et al., 2011);
this has come to be known as the “aggregate g-ratio” (Stikov
et al., 2015), the calculation of which requires an estimation of myelin
volume fraction (MVF) and axonal volume fraction (AVF). Based on this
notion, various MRI methods for measuring the aggregate g-ratio have
more recently been introduced, incorporating a variety of approaches
for estimating MVF or AVF (Campbell et al, 2017; Cercignani
et al., 2017; Dean et al., 2016; Ellerbrock & Mohammadi, 2018; Jung
et al., 2018; Mohammadi et al., 2015; West et al., 2018; Yu et al.,, 2019).
Indeed, magnetization transfer (MT) imaging and multicomponent rel-
axometry have been used to estimate the MVF, while diffusion tensor
imaging (DTI) and neurite orientation and dispersion density imaging
(NODDI) have been used to estimate the AVF (Campbell et al., 2017,
Cercignani et al, 2017; Dean et al, 2016; Ellerbrock &
Mohammadi, 2018; Jung et al, 2018; MacKay & Laule, 2016;
Mohammadi et al, 2015; Stikov et al., 2015; West et al, 2018; Yu
et al.,, 2019). The advantages and limits of these techniques are discussed
in detail in an excellent review by Campbell et al. (2017).

Age is the main risk factor for degenerative central nervous sys-
tem disease and associated cognitive and functional impairment. It is,
therefore, crucial to characterize microstructural changes, including in
g-ratio, that occur with normal aging to distinguish them from changes
caused by disease. In a recent study, Dean and colleagues investigated
differences in aggregate g-ratio index across early neurodevelopment
in children of ages between 3 months and 7.5years (Dean

et al., 2016), and reported logarithmically decreasing trends with age,

in agreement with the notion of rapid early brain maturation (Dean
et al., 2015; Deoni, Dean, O'Muircheartaigh, Dirks, & Jerskey, 2012).
In a pioneering MRI study, conducted on a cohort of adult subjects
spanning a wide age range, based on MT and NODDI imaging, Cer-
cignani and colleagues have found that the aggregate g-ratio increases
linearly with age (Cercignani et al., 2017), interpreted as reduction in
myelin throughout adulthood and decreased axonal density at older
ages. However, this is difficult to reconcile with reports of increased
myelination throughout adulthood followed by a decrease at older
ages (Arshad, Stanley, & Raz, 2016; Bouhrara, Cortina, et al., 2020;
Bouhrara, Rejimon, et al., 2020; Dvorak et al., 2021; Qian, Khattar,
Cortina, Spencer, & Bouhrara, 2020). As discussed by the authors, this
discrepancy is likely due to use of MT imaging for the estimation of
MVF which, while sensitive to myelin content, is not specific, as well
as to other technical considerations, including a limited cohort size.

In the current study, our main goal is to investigate age-related
differences in aggregate g-ratio using emerging advanced techniques,
namely, Bayesian Monte Carlo (BMC) mcDESPOT for MVF estimation
(Bouhrara & Spencer, 2015, 2016, 2017) and NODDI, a multi-shell dif-
fusion technique, for AVF estimation (Zhang, Schneider, Wheeler-
Kingshott, & Alexander, 2012). Our study was conducted on a cohort

of cognitively unimpaired participants spanning a wide age range.

2 | MATERIAL & METHODS

21 | Participants

Participants were drawn from two ongoing cohorts at the National
Institute on Aging (NIA). Volunteers recruited from the Baltimore Lon-
gitudinal Study of Aging (BLSA) (Ferrucci, 2008; Shock, 1985), and
from the Genetic and Epigenetic Signatures of Translational Aging
Laboratory Testing (GESTALT) were enrolled. The study populations,
experimental design, and measurement protocols of the BLSA have
previously been reported (Ferrucci, 2008; Shock, 1985). The BLSA is a
longitudinal cohort study funded and conducted by the NIA Intramu-
ral Research Program (IRP). Established in 1958, the BLSA enrolls
community-dwelling adults with no major chronic conditions or func-
tional impairments. The GESTALT study is also a study of healthy vol-
unteers, initiated in 2015, funded, and conducted by the NIA IRP. The
goal of the BLSA and GESTALT studies is to evaluate multiple bio-
markers related to aging. We note that the inclusion and exclusion
criteria for these two studies are essentially identical. Participants
underwent testing at the NIA's clinical research unit and were
excluded if they had metallic implants, neurologic, or medical disor-
ders (O'Brien et al., 2009). Further, all participants underwent a Mini
Mental State Examination (MMSE) and seven cognitively impaired
participants were excluded. The final cohort consisted of 52 volun-
teers ranging in age from 21 to 84 years (44.6 + 18.1 years), of which
24 were men (43.1+17.5years) and 28 were women (46.3
+ 18.6 years). Figure 1a provides a detailed distribution of the number
of participants per age decade and for each sex. The mean + SD
MMSE and education years (EDY) values of this cohort were 29.1
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FIGURE 1

(@) Number of participants per age decade and sex. (b) Visualization of the white matter ROIs used in our analysis. 1) Frontal lobes,

2) Parietal lobes, 3) Occipital lobes, 4) Cerebellum, 5) Splenium of corpus callosum, 6) Body of corpus callosum, 7) Genu of corpus callosum, 8)
Internal capsule, 9) Anterior thalamic radiation, 10) Corticospinal tract, 11) Inferior fronto-occipital fasciculus, 12) Temporal lobes, 13) Forceps

minor, 14) Forceps major, 15) Inferior longitudinal fasciculus

+ 1.2 and 15.3 + 2.4 years, respectively. Age, MMSE, and EDY did not
differ significantly between men and women. Experimental proce-
dures were performed in compliance with our local Institutional

Review Board, and participants provided written informed consent.

2.2 | Data acquisition

MRI scans were performed using a 3T Philips MRI system (Achieva,
Best, The Netherlands). All participants underwent BMC-mcDESPOT
for myelin water fraction (MWF) mapping and NODDI for intra-
cellular volume fraction (ICVF) mapping imaging scans.

The BMC-mcDESPOT protocol consisted of 3D spoiled gradient
recalled echo (SPGR) images acquired with flip angles (FAs) of [24 6 8
10 12 14 16 18 20]°, echo time (TE) of 1.37 ms, repetition time
(TR) of 5 ms, and acquisition time of ~5 min, as well as 3D balanced
steady state free precession (bSSFP) images acquired with FAs of [2 4
7 11 16 24 32 40 50 60]°, TE of 2.8 ms, TR of 5.8 ms, and acquisition
time of ~6 min. The bSSFP images were acquired with radiofrequency
(RF) excitation pulse phase increments of O or = in order to account
for off-resonance effects (Deoni, 2011). All SPGR and bSSFP images
were acquired with an acquisition matrix of 150 x 130 x 94, and
voxel size of 1.6 mm x 1.6 mm x 1.6 mm. Further, we used the
double-angle method (DAM) to correct for excitation RF inhomogene-
ity (Stollberger & Wach, 1996). For that, two fast spin-echo images
were acquired with FAs of 45° and 90°, TE of 102 ms, TR of
3,000 ms, acquisition voxel size of 2.6 mm x 2.6 mm x 4 mm, and
acquisition time of ~4 min. The total acquisition time for this entire
imaging protocol was ~21 min.

The NODDI protocol consisted of diffusion weighted images
(DWI) acquired with single shot EPI with TR of 10,000 ms, TE of
67 ms, and three b-values of 0, 700, and 2000 s/mm?, with the latter
two encoded in 32 directions, and acquisition voxel size of
2 mm x 2 mm x 3 mm. Two images at b = 0 s/mm? were acquired.
The acquisition time was ~12 min.

All images were obtained with field of view of 240 mm x 208 mm x

150 mm and reconstructed to a voxel size of 2 mm x 2 mm x 2 mm.

We emphasize that all MRI studies and ancillary measurements were
performed with the same MRI system, running the same pulse
sequences, at the same facility, and directed by the same investiga-
tors for both BLSA and GESTALT participants.

2.3 | Image registration and parameter mapping
As noted, the g-ratio is defined as the inner-to-outer diameter of a
myelinated axon; its calculation requires estimation of myelin volume

fraction (MVF) and axonal volume fraction (AVF).

23.1 | MVF mapping

Using the FSL software (Jenkinson, Beckmann, Behrens, Woolrich, &
Smith, 2012), all SPGR, bSSFP, and DAM images were linearly regis-
tered to the SPGR image obtained at FA of 8° and the derived transfor-
mation matrix was then applied to the SPGR, bSSFP, and DAM images
for each participant. Then, a MWF map was generated using the BMC-
mcDESPOT analysis from the registered SPGR, bSSFP, and DAM
datasets (Bouhrara & Spencer, 2016, 2017). Briefly, BMC-mcDESPOT
assumes a two-component non-exchanging system consisting of slowly
relaxing and more rapidly relaxing components. The short component
corresponds to the signal of water trapped within the myelin sheets
while the long component corresponds to intra/extra cellular water.
Analysis was performed explicitly accounting for nonzero TE as incor-
porated into the TE-corrected-mcDESPOT signal model (Bouhrara &
Spencer, 2015). The MWF map derived using BMC-mcDESPOT was
then converted to a corresponding MVF map using the geometrical

analysis suggested by Jung and colleagues (Jung et al., 2018).

2.3.2 | AVF mapping

For each participant, the diffusion weighted (DW) images were

corrected for eddy current and motion effects using the affine
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registration tools implemented in FSL. Then, the DW images were
registered to the averaged DW images obtained with b = 0 s/mm?,
and the derived transformation matrix was then applied to the DW
images. The ICVF map was derived from the registered DW images
using NODDI (Zhang et al., 2012), a multi-shell diffusion technique
which enables the estimation of three separate water compartments,
namely, intracellular volume fraction (ICVF), extracellular volume frac-
tion, and cerebrospinal fluid volume fraction (CSFVF). ICVF and
CSFVF calculation from the NODDI dataset was conducted using the
NODDI MATLAB toolbox available at http://mig.cs.ucl.ac.uk/index.
php?n=Tutoria NODDImatlab. Then, an AVF map was calculated from
the MVF, the CSFVF, and the ICVF maps as follow: AVF = (1 — MVF)
X (1 — CSFVF) x ICVF (Campbell et al., 2017; Cercignani et al., 2017,
Jung et al., 2018).

2.3.3 | Aggregate g-ratio mapping

For each participant, the averaged DW image obtained at b =
0 s/mm? was registered to the co-registered averaged SPGR image
over FAs using the affine registration technique implemented in FSL
(Jenkinson et al., 2012). The calculated transformation matrix was
then applied to the AVF map. The aggregate g-ratio map was then cal-
culated from the spatially aligned MVF and AVF maps (Campbell
et al., 2017; Cercignani et al, 2017; Dean et al., 2016; Jung
et al., 2018) as follow:

AVF

Aggregate g—ratio = AVF + MVE

24 | Image segmentation

After thorough visual inspection of data quality for each participant,
the scalp, ventricles, and other nonparenchymal regions within the
images were eliminated using the BET tool as implemented in the FSL
software (Smith, 2002). Using the FNIRT tool as implemented in FSL
(Jenkinson et al., 2012), the averaged SPGR image over FAs for each
participant was nonlinearly registered to the Montreal Neurological
Institute (MNI) standard space image and the derived transformation
matrix was then applied to the aggregate g-ratio, AVF, and MVF maps
for that corresponding participant. Sixteen white matter (WM) regions
of interest (ROIs) were defined from MNI corresponding to regions
previously identified as the focus of our investigation (Arshad
et al., 2016; Faizy et al., 2018; Uddin, Figley, Solar, Shatil, &
Figley, 2019) (Figure 1b). These ROls correspond to whole brain
(WB) WM, frontal lobes (FL) WM, parietal lobe (PL) WM, occipital
lobe (OL) WM, temporal lobe (TL) WM, cerebellum (CRB) WM,
splenium of corpus callosum (SCC), body of corpus callosum (BCC),
genu of corpus callosum (GCC), internal capsule (IC), anterior thalamic
radiation (ATR), inferior fronto-occipital fasciculus (IFOF), inferior lon-
gitudinal fasciculus (ILF), forceps major (FM), forceps minor (Fm), and

corticospinal tract (CST). All ROIs were eroded to reduce partial

volume effects and imperfect image registration using the FSL tool
fsimaths. Finally, for each ROI and each participant, the mean aggre-

gate g-ratio, AVF, and MVF values were calculated.

2.5 | Statistical analysis

For each ROI, the effects of age and sex on aggregate g-ratio, AVF, or
MVF were investigated using multiple linear regression with the mean
aggregate g-ratio, AVF, or MVF within the ROI as the dependent vari-
able and sex, age, and age? as independent variables, after mean age
centering. The initial model incorporated interactions between sex
and age as well as sex and age?, but interaction terms were removed
if found not to be significant. The resulting parsimonious model was
then constructed without the nonsignificant interactions. In all cases,
the threshold for statistical significance was p < .05 after correction
for multiple ROl comparisons using the false discovery rate (FDR)
method (Benjamini, 2010). All calculations were performed with
MATLAB (MathWorks, Natick, MA).

3 | RESULTS

Figure 2 shows aggregate g-ratio, MVF, and AVF maps for representa-
tive participants of three different ages. Results are shown for two
representative axial slices covering the main WM brain structures
investigated. Visual inspection indicates decreases in aggregate g-ratio
values from early adulthood until middle age (i.e., 40-49 years),
followed by increases in aggregate g-ratio through older age in several
brain regions. Moreover, visual inspection indicates increases in MVF
until middle age followed by decreases afterward, while AVF shows a
mostly decreasing pattern with age. Furthermore, we note that differ-
ent regions exhibit different patterns of association between aggre-
gate g-ratio, MWF, or AVF and age, as expected.

Figure 3 shows quantitative results for aggregate g-ratio values
obtained from all participants as a function of age for the indicated
16 cerebral WM regions. As shown, there is a decrease in aggregate
g-ratio until middle age followed by an increase with age in most ROls
examined, in agreement with visual inspection of Figure 2. The best-
fit curves indicate that while the fundamental U-shaped relationship
between aggregate g-ratio and age was consistent across these ROls,
there was notable regional variation. Indeed, the corpus callosum and
the forceps minor ROIs exhibited minimal variations in aggregate g-
ratio with age.

The effect of age on aggregate g-ratio was significant (p < .05) in
five ROIs (Table 1). The quadratic effect of age on aggregate g-ratio
was also significant in several brain structures (Table 1). Furthermore,
our statistical analyses indicate that all ROIs exhibited nonsignificant
interactions between age? and sex. Interaction between age and sex
was nominally significant in a few brain regions, but these relation-
ships did not survive the FDR correction; these regions were the
whole brain WM, the temporal lobes WM, the cerebellum WM, and
the body of the CC. In these regions, women showed a nonsignificant
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best-fit curves when the overall regression is not significant (p > .05). Most regions investigated show a quadratic, U-shaped, association of

aggregate g-ratio with age

trend to greater increase in aggregate g-ratio with age as compared to
men. Furthermore, most of the brain structures evaluated exhibited
minimum aggregate g-ratio values within the fifth age decade, that is,
between 40 and 49 years. Interestingly, anterior and middle brain
structures such as the frontal lobes WM and parietal lobes WM
exhibited slightly earlier ages of minimum aggregate g-ratio as com-

pared to more posterior structures such as the occipital lobes WM

and temporal lobes WM (Table 1). Finally, a significant effect of sex
on aggregate g-ratio was observed in four brain structures (Table 1),
with women showing, overall, lower aggregate g-ratio values as com-
pared to men (Figure 4).

Figure 5 shows quantitative results for AVF (Figure 5a) and MVF
(Figure 5b) values obtained as a function of age for the indicated

16 cerebral WM regions. Visual inspection shows that most ROls
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TABLE 1 Significance of aggregate g-ratio results based on age, sex, and age?
Age Sex Age?
p F p F p F Year of minimum aggregate g-ratio
Whole brain >1 25 <.05 7.3 <.05 7.9 44.6
Frontal lobes <1 4.4 <1 4.6 <.05 71 42.8
Occipital lobes >1 2.4 <1 5.9 <.01 14.6 45.8
Parietal lobes >1 1.9 <1 3.7 <.05 9.5 45.5
Temporal lobes <.05 8.5 <.05 9.8 <.01 10.8 42.0
Cerebellum <.05 8.7 >1 1.2 <.05 53 38.9
Internal capsules >1 3.5 >1 1.8 >1 3.0 NA
Body of corpus callosum >.1 0.3 >1 1.4 >1 0.5 NA
Genu of corpus callosum <1 5.8 >1 0.5 >1 0.3 NA
Splenium of corpus callosum >1 04 <1 3.5 >1 0.0 NA
Anterior thalamic radiation <.05 6.8 <1 4.8 >1 33 NA
Corticospinal tract <.05 7.4 >.1 1.8 <.01 10.7 39.3
Forceps major >1 1.5 <.05 8.1 <.05 6.5 52.0
Forceps minor >.1 0.6 >1 2.9 >1 0.2 NA
Inferior fronto-occipital fasciculus <.1 4.5 <1 5.6 >.1 2.9 NA
Inferior longitudinal fasciculus <1 4.2 <.05 9.0 <.05 6.4 49.5

Note: Significance of regression terms in the multiple linear regression analysis, and year of apparent minimum aggregate g-ratio value for each brain
structure investigated. NA indicates that the linear model was the best fit to the data, with the age of minimum aggregate g-ratio therefore occurring at the
youngest or oldest age decade. Bold indicates significance (p < .05); all p-values presented are obtained after FDR correction.

FIGURE 4 Comparison of 0.8
the mean aggregate g-ratio values
for men and women in the ROIs
studied. Mean aggregate g-ratio
values for women are overall
lower than mean aggregateg-ratio
values for men. * indicates p < .05

Mean aggregate g-ratio values

exhibited decreasing AVF with age, in agreement with visual inspec-
tion of Figure 2. However, visual inspection of several structures,
including the whole brain WM, frontal lobes WM, temporal lobes
WM, cerebellum, ATR, ILF, and FM, indicated quadratic, inverted U-
shaped, associations with age, while other ROls, including the body of
the CC, splenium, and CST, exhibit constant trends with age. The
best-fit curves indicate that the AVF versus age curves displayed
regional variation. Further, visual inspection shows increasing MVF
until middle age followed by a decrease in MVF values with age in all
ROIs examined, in agreement with visual inspection of Figure 2. The
best-fit curves indicate that while the fundamental quadratic, inverted
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U-shaped, relationship between MVF and age was consistent across
all ROls, there was some regional variation among these curves.

The effect of age on AVF was significant in seven ROls (Table 2).
The quadratic effect of age, that is, age?, on AVF was not significant
for any brain structure examined after FDR correction. Further, the
effect of sex on AVF was not significant in any of the brain structures
examined after FDR correction. Our statistical analyses indicate that
all ROIs exhibited nonsignificant interactions between age? and sex,
or age and sex. Finally, the effect of age on MVF was not significant in
any of the ROls after FDR correction (Table 2). The quadratic effect of
age, that is, age?, on MVF was significant in most brain structures
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FIGURE 5 Plots of (a) AVF and (b) MVF values as a function of age (N = 52). Results are shown for the 16 white matter cerebral structures
evaluated. For each region, the significance of the overall regression model, p, and corresponding coefficient of determination, R, are reported.
Solid black lines represent the best-fit curves when the overall regression is significant (p < .05) while the dashed black lines represent the best-fit
curves when the overall regression is not significant (p > .05). AVF, axonal volume fraction; MVF, myelin volume fraction
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TABLE 2 Significance of axonal volume fraction (AVF) and myelin volume fraction (MVF) results based on age, sex, and age2

AVF MVF

Age Sex Age? Age Sex Age?

p F p F p F p F p F p F
Whole brain >1 1.6 >1 0.1 >.1 20 >.1 6.1 >1 4.9 <.05 7.9
Frontal lobes >1 22 >1 0.0 >.1 1.8 >.1 1.0 >.1 2.3 <1 3.8
Occipital lobes <1 3.7 >1 0.0 >1 0.0 >1 11 <1 58 <.05 9.9
Parietal lobes <1 3.9 >1 0.1 >1 0.0 >.1 51 <1 6.4 <.05 8.0
Temporal lobes >1 0.9 >1 0.0 >1 25 >1 4.3 <1 9.1 <.05 10.1
Cerebellum >1 11 >1 1.2 >.1 3.9 >.1 1.2 >1 2.6 <.05 51
Internal capsules >1 0.0 >1 0.3 >1 0.1 >1 1.1 >1 1.5 <1 3.7
Body of corpus callosum <.05 6.3 >1 2.1 >.1 0.0 >.1 3.1 >1 1.3 >1 1.8
Genu of corpus callosum <.01 42.5 >1 0.8 >1 1.2 >1 0.8 >1 0.5 >1 0.0
Splenium of corpus callosum >1 2.6 >1 0.8 >1 1.2 >1 4.7 >1 4.1 <1 3.5
Anterior thalamic radiation <.01 17.9 >1 0.0 >1 34 >1 21 >1 11 >1 1.0
Corticospinal tract >1 34 >1 0.0 >1 0.2 >1 4.2 >1 0.9 <1 3.9
Forceps major <.01 19.7 >1 0.8 >1 0.0 >1 5.0 >1 3.2 <.05 5.0
Forceps minor <.01 23.2 >1 0.0 >1 3.4 >1 1.0 >1 0.6 >1 0.0
Inferior fronto-occipital fasciculus <.01 13.6 >1 0.0 >1 0.7 >1 1.7 >1 1.8 >.1 1.6
Inferior longitudinal fasciculus <.01 16.6 >1 0.1 >.1 0.6 >.1 3.4 >1 4.3 <.05 4.8

Note: Significance of regression terms in the multiple linear regression analysis for each brain structure investigated. Bold indicates significance (p < 0.05);

all p-values presented are obtained after FDR correction.

evaluated. Further, the effect of sex on MVF was not significant in
any of the brain structures studied after FDR correction. Our statisti-
cal analyses indicate that all ROIs exhibited nonsignificant interactions
between age? and sex, or age and sex.

4 | DISCUSSION

41 | Aggregate g-ratio

In this work, we investigated differences in aggregate g-ratio across adult
lifespan. Our analysis was conducted on a cohort of cognitively unimpaired
participants spanning a wide age-range. Our aggregate g-ratio mapping
method showed a high degree of sensitivity to aggregate g-ratio differ-
ences with age, with derived values spanning a relatively large dynamic
range, from 0.55 and 0.8, reflecting substantial structural variation across
the brain. This is in good agreement with literature (Berman et al., 2018;
Cercignani et al., 2017; Chomiak & Hu, 2009). Indeed, theoretical and
experimental work suggests that the optimal g-ratio is within that range
(Berman et al., 2018; Cercignani et al., 2017; Chomiak & Hu, 2009).

Our results indicate a quadratic, U-shape, association between
aggregate g-ratio and age in most white matter regions analyzed (Table 1
and Figure 3). These results are consistent with a pattern of brain matu-
ration through middle age followed by a rapid decline, in agreement with
postmortem observations (Peters, 2002; Tang, Nyengaard, Pakkenberg, &
Gundersen, 1997). Indeed, previous studies have revealed inverted U-

shape trends of MWF with age in different brain structures (Arshad

et al, 2016; Bouhrara, Cortina, et al, 2020; Bouhrara, Rejimon,
et al., 2020; Dvorak et al., 2021); although MWF represents a very differ-
ent metric than aggregate g-ratio, both of these indices are expected to
correlate with overall extent and quality of myelination. In addition, we
found that different regions exhibited similarities, as well as differences,
in the associations between aggregate g-ratio and age, with most regions
peaking during the fifth decade of life. This finding is in good agreement
with several MRI studies based on diffusion tensor imaging and rel-
axometry (Bartzokis et al, 2010; Okubo et al, 2017; Westlye
et al,, 2010; Yeatman, Wandell, & Mezer, 2014). However, the corpus
callosum subdivisions exhibited either no trend or a trend towards line-
arly decreasing aggregate g-ratio with age; this agrees with Berman and
colleagues' observations (Berman et al., 2018). Furthermore, our results
indicate a delay in minimum aggregate g-ratio development in the occipi-
tal lobes WM as compared to other regions. This pattern is in line with
the retrogenesis hypothesis (first in-last out), in which posterior brain
regions are spared from degeneration as compared to anterior brain
regions (Bender, Volkle, & Raz, 2016; Brickman et al., 2012; Raz, 2000;
Stricker et al., 2009). However, additional longitudinal studies are
required to further validate this finding.

In a recent MRI study conducted to investigate age-related differ-
ences in aggregate g-ratio in the adult human brain (Cercignani
et al., 2017), Cercignani and colleagues have observed that aggregate
g-ratio appears to increase linearly with age in various cerebral white
matter tracts (Cercignani et al., 2017), interpreted as reduction in
myelin throughout adulthood and decreased axonal density at older

ages. Our report of a quadratic relationship may be the result of a
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different analytic approach, in which we explicitly explored nonlinear
aggregate g-ratio trends with age, as well as methodological differ-
ences, and cohort size differences. Furthermore, our results, indicating
that the corpus callosum exhibited minimal but statistically significant
differences in aggregate g-ratio values with age as compared to the
other regions investigated, largely agree with Berman and colleagues'
observations indicating minimal differences in aggregate g-ratio with
age in different substructures of the corpus callosum (Berman
et al., 2018). Finally, it must be emphasized that all current MRI
methods for mapping aggregate g-ratio operate under the assumption
that g-ratio is constant for all axons within a given voxel; this assump-
tion may not always hold, as the aggregate g-ratio measure has been
shown to be more sensitive to larger diameter axons (West, Kelm, Car-
son, & Does, 2016). The advantages and limits of these techniques are
discussed in detail by Campbell and colleagues (Campbell et al., 2017).

The emergence of a quadratic age trend, as well as the ages at which
the local aggregate g-ratio achieves its minimum, will depend to a certain
extent on sampling density within age groups, range of ages incorpo-
rated, and consistency of data (Fjell et al., 2010). Indeed, analysis of our
data excluding participants over 70 years (data not shown) indicates that
the quadratic associations between age and aggregate g-ratio persist in a
limited number of brain regions including the whole brain, occipital lobes,
parietal lobes, temporal lobes, cerebellum, CST, and ILF. The remaining
regions exhibited mostly decreasing trends of aggregate g-ratio as a func-
tion of age. In addition, while the choice of a quadratic regression model
is consistent with our visual inspection, it must be regarded as an expedi-
ent way to model the data, rather than a description of underlying physi-
ologic processes. Other models, such as piecewise linear, may serve
equally well as data descriptors. However, the present analysis provides
a basic demonstration of aggregate g-ratio trends decreasing from early
adulthood through middle age, with an increase thereafter.

We found statistically significant sex differences in aggregate g-ratio
in several brain regions with women showing, overall, lower cerebral
aggregate g-ratio values as compared to men (Table 1, Figure 4); this
likely corresponds to the higher myelin content seen in women's brain
(Arshad et al., 2016; Bouhrara, Cortina, et al., 2020; Bouhrara, Rejimon,
et al.,, 2020). Our results agree with Pesaresi and colleagues' work indi-
cating overall higher aggregate g-ratio values in male rats (Pesaresi
et al, 2015). These trends indicate potential lines of investigation in
larger cohorts. Indeed, sexual dimorphism in aggregate g-ratio are consis-
tent with previous demonstrations that proliferation of oligodendrocytes
and myelin proteins are regulated differently in men and women (49, 50).
A recent study suggests that sex steroids may influence this differential
regulation, possibly also contributing to sex differences in repair (51).
However, it must be emphasized that the distribution of sex in our study
cohort, particularly at the older ages, was not homogenous. Therefore,

our sex-related results must be interpreted with caution.

4.2 | AVFand MVF

Although our results indicate decreasing trends of AVF with age in

most white matter regions analyzed (Figure 5), various brain

structures exhibited apparent quadratic, inverted U-shaped, associa-
tions with age; this agrees with Cercignani and colleagues' observa-
tions (Cercignani et al., 2017). However, these quadratic associations
were not statistically significant, although there were trends to signifi-
cance before FDR correction. We conjecture that the lack of very
young participants (<20 years old) in our cohort precluded adequate
detection of this relationship; this limitation derives from the exclu-
sion criteria of the BLSA and GESTALT studies. Inclusion of younger
participants may influence the shape of AVF age-related trends. Fur-
ther, our results indicate a quadratic association between MVF and
age in all white matter regions (Table 2 and Figure 5b). These results
agree with our and others' recent studies indicating an inverted U-
shape association of myelin content with age in several white matter
regions (Arshad et al., 2016; Bouhrara, Cortina, et al., 2020; Bouhrara,
Rejimon, et al., 2020; Dvorak et al., 2021). The quadratic association
between MVF and age is attributed to the process of myelination
from youth through middle age, followed by demyelination in later
years (Arshad et al., 2016; Bartzokis et al., 2010); this pattern is in
agreement with postmortem observations (Peters, 2002; Tang
et al., 1997). As expected, we found that different regions exhibit both
similarities and differences in associations between MVF and age. This
finding is in good agreement with several studies based on myelin-
sensitive MRI methods such as diffusion tensor imaging and relaxation
times (Bartzokis et al., 2010; Okubo et al., 2017; Westlye et al., 2010;
Yeatman et al., 2014).

4.3 | Limitations

Although our cohort spanned a wide age range, it does not include
participants younger than 20 years; this limitation derives from the
exclusion criteria of the BLSA and GESTALT studies. Inclusion of
younger participants may influence the shape of the age-related
aggregate g-ratio trends as discussed above. We also note that it was
not feasible to obtain fully uniform sampling across all age intervals in
this convenience sample of participants in ongoing research protocols,
with the number of participants aged 50-70 years being somewhat
lower as compared to the other age decades. Further, our dataset is
cross-sectional, so that the quadratic trends observed here require
further validation through longitudinal studies. Such work, motivated
by the present results, is underway. In addition, our results were
obtained on cohorts of cognitively normal adults and results obtained
in the setting of pathology may differ. Indeed, it has been shown that
the presence of nonmyelinated axons could bias derived aggregate g-
ratio values (West et al., 2018).

Moreover, due to the limited spatial resolution of the diffusion
imaging datasets, contamination from cerebrospinal fluid as well as
partial volume issues may have been introduced. Indeed, the voxel
volume of the NODDI images is ~3 times higher than that of the
BMC-mcDESPOT images, leading to ICVF maps with much lower spa-
tial resolution as compared to the MWF maps (Figure 6). To mitigate
the potential effects of partial volume contamination, all ROls were

eroded followed by careful visual inspection. Nevertheless, some
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Slice 1

Slice 2

FIGURE 6

Example of MWF and ICVF maps generated at the
acquisition voxel size of 1.6 mm x 1.6 mm x 1.6 mm and

2 mm x 2 mm x 3 mm, respectively. These maps were generated
from the images acquired from the brain of a 75-year-old participant.
ICVF, intra-cellular volume fraction; MWF, myelin water fraction

partial volume effects could have persisted especially in small struc-
tures including the tracts. In addition, age-related tissue atrophy could
lead to non-optimal image registration, potentially introducing some
bias in derived aggregate g-ratio values. Nevertheless, visual inspec-
tion indicates that age-related tissue atrophy was limited to a very
few participants belonging to the oldest age decade of our cohort.
Further, the linear scaling suggested by Jung and colleagues, derived
from the multi-gradient echo-based technique of MWF mapping, was
used to compute MVF from MWEF derived using BMC-mcDESPOT
(Jung et al., 2018). However, further work is required to refine or vali-
date this approach for MWF derived using BMC-mcDESPOT.

Finally, we note that mcDESPOT, including BMC-mcDESPOT,
provides somewhat higher MWF values as compared to multiple spin
echo (MSE)-based methods (Zhang, Kolind, Laule, & MacKay, 2015a).
Various experimental and physiological factors which are not consid-
ered in the MSE or mcDESPOT signal models could account for this
discrepancy. These include, but are not limited to, magnetization
transfer between macromolecules and free water protons, longitudinal
relaxation time effects resulting from use of short repetition times in
MSE, iron content, exchange between water pools, J-coupling, off-
resonance effects, spin locking, water diffusion within different com-
partments, and internal gradients. These represent major challenges in
MR imaging studies of myelin content, with additional technical devel-
opments required to further improve accuracy. In addition, the
NODDI model does not explicitly account for differing transverse
relaxation times for different tissue compartments; the resulting echo-
time-dependence has been shown to bias NODDI-derived outcomes

(Gong et al., 2020). Indeed, all of the available quantitative models for

MVF and AVF determination incorporate simplifications dictated by
technical and experimental considerations which likely to lead to
biases in derived aggregate g-values (Alonso-Ortiz, Levesque, &
Pike, 2015; Bouhrara et al., 2016; Bouhrara & Spencer, 2015; Camp-
bell et al., 2017; Zhang et al., 2015a; Zhang, Kolind, Laule, &
MacKay, 2015b). However, our analysis (data not shown) indicates
that an overestimation of 10% in MVF or AVF leads to an underesti-

mation or an overestimation of ~2% in aggregate g-ratio, respectively.

5 | CONCLUSIONS

We showed that aggregate g-ratio values follow a U-shaped trend
with normal aging in several white matter structures of the human
brain. We interpret this as indicating increased myelin content
through middle age, followed by decrease in myelin content. These
results agree with previous MRI studies that have investigated mye-
lination in the aging brains of cognitively unimpaired participants.
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